In recent times, there has been a significant increase in the use of metal oxides, [1] [2] [3] [4] [5] [6] fluorides, [7] [8] [9] sulphides, 10 and organic materials 11, 12 as carrier selective heterocontacts for crystalline silicon (c-Si) photovoltaic (PV) devices. This research stream has been motivated by potential advantages associated with fabrication simplicity and cost reduction. Such materials can be deposited at low temperature (< 200 o C) using simple techniques, to form full-area heterocontacts with optical characteristics tailored for either the sunward-or rear-side of a solar cell. These heterocontacts can also overcome or reduce losses common to other c-Si cell architectures-for example, parasitic absorption or heavy impurity doping losses 7,13-15 -increasing the practical efficiency limit of this structure. Most efforts so far have focused on substituting one such heterocontact into an otherwise conventional c-Si cell, [16] [17] [18] [19] [20] demonstrating, in many cases, clear performance or fabrication advantages. The ultimate extension of this concept is to use a set of asymmetric heterocontacts in a single cell structure, sometimes referred to as the dopant-free asymmetric heterocontact or DASH cell. In our previous study, we presented a record 19 .4% efficient DASH solar cell, 7 utilizing MoOx and LiFx based heterocontacts with thin amorphous silicon (a-Si:H) interfacial passivation layers. Although promising for a first proof-ofconcept, it is important to demonstrate that higher conversion efficiencies can be achieved, in line with the suggested higher efficiency potential of this architecture. Further, for a new technology to be considered in a field such as c-Si PV, it must satisfy additional requirements related to thermal steps during cell and module fabrication and to device longevity in operation. Therefore, in this study the DASH cell structure is revisited with a particular emphasis on simultaneously improving the device efficiency and stability. Modifications to the structure and fabrication allow us to show for the first time that this technology is compatible with efficiencies greater than 20%. We also show that un-encapsulated DASH devices can pass an accelerated environmental test designed to simulate the expected damp-heat stressors presented to a solar cell over its lifetime.
To increase the DASH cell performance, improvements must be made simultaneously to both the electron and hole heterocontacts. A recent study conducted by co-authors has shown the thermal stability of the hole heterocontact can be improved via an additional annealing step prior to the MoOx deposition. 21 In this study, we focus on the electron side, aiming to develop a thermally robust rear heterocontact. The electron-selective heterocontact of our first-generation A second stability test, conducted on two hybrid solar cells with and without a 1.5 nm TiOx layer, is presented in Figure 3b . Whereas the Voc of the cell without TiOx degrades drastically as the annealing temperature increases, a significant improvement in the passivation stability is achieved as a result of the TiOx interlayer addition. The enhanced stability results presented in Figure 3a for the ρc and in Figure 3b has been achieved, supported by a Voc of 706 mV and a FF of 76.1%. This is the first demonstration of a DASH cell above 20%. A quantum efficiency analysis of this cell is also included in Figure   4c , showing the measured external quantum efficiency (EQE), reflection and internal quantum efficiency (IQE), taken in-between Ag metal grid fingers. After accounting for a contact fraction of ~3%, the integration of the EQE and the solar spectrum product gives a Jsc of 38.8 mA/cm 2 .
This value agrees well with that obtained directly from the light JV of 38.4 mA/cm 2 supporting the accuracy of the value. To further test the stability of the electron and hole contact structures, a representative un-encapsulated DASH cell is subjected to a standard 1000-hour damp-heat test at 85 o C and 85% relative humidity(RH). Table 1 shows the measured characteristic parameters of this device before and after the 1000-hour period, revealing that 96% of the original performance has been maintained.
In this article we have simultaneously improved the benchmark efficiency and stability of c-Si DASH solar cells. We have found that the thermal stability of the electron-selective heterocontacts can be improved by introducing a protective TiOx interlayer between the a-Si:H passivation layer and the low work function LiFx / Al electrode. This second-generation DASH cell has been proven to maintain > 95% of its performance after 1000 hours of unencapsulated damp-heat exposure. Importantly, the improved stability does not come at the expense of performance. On the contrary, a conversion efficiency of 20.7% has been demonstrated, the highest value of any DASH solar cell presented to date. These developments in efficiency and stability pave the way for the DASH cell design to become a viable contender for high performance, lowcost c-Si PV.
Materials characterization:
Samples for X-ray Photoelectron Spectroscopy (XPS) and Spectroscopic Ellipsometry (SE) were fabricated by depositing thin films of TiOx, Ta2Ox, HfOx and Al2Ox on a polished n + silicon wafer which was given a short 5% HF etch prior to deposition. The thin films were deposited by atomic-layer-deposition (ALD), with a chamber temperature of ≤ 150°C. Further details can be found in Table 1 . XPS measurements were performed in a Kratos spectrometer with an Al monochromatic X-ray source. All measurements were performed on thin films (~15 nm) without electron gun neutralization. Charging is known to be a general issue in XPS, particularly for insulating films. Efforts were made to minimize charging by reducing incident X-ray exposure during the secondary electron cutoff measurement, and core level and valence band spectra were referenced to a C 1s peak at 284.8eV. For the secondary electron cutoff measurement, a sputter cleaned Au sample was included in each run as a reference. The ranges provided for the Fermi energy, conduction band and valence band of each material in the schematic of Figure 1d are based off the measured variation in XPS results. SE measurements were also taken on ~15nm films with a JA Wollam M 2000 spectroscopic ellipsometer and the films were fitted with Tauc-Lorentz models, the optical bandgaps of which are listed in Table 1 .
Device fabrication and characterization.
Contact structures were fabricated according to a transfer-length-method (TLM) design. 
